Bacteria use various kinds of toxins to either inhibit the growth of co-habiting bacteria 13 or when needed control their own growth. Here we report that Burkholderia and 14 certain other bacteria have altered the potential defensive function of Tox-REase-5 15 domain containing toxins into offensive function. The Burkholderia gladioli strain 16 NGJ1 encodes such toxins as type VI secretion system (T6SS) effectors (Tse) and 17 potentially deploys them to kill co-habiting rice endophytic bacteria. Notably, the 18 immunity (Tsi) proteins associated with Tse effectors demonstrate functional 19 similarity with the antitoxin of type II toxin-antitoxin (TA) system. Genome analysis of 20 diverse bacteria revealed that various Tse orthologs are either encoded as TA or 21 T6SS effectors. In addition, potential evolutionary events associated with conversion 22 of TA into T6SS effectors have been delineated. Our results indicate that the 23 transposition of IS3 elements has led to the operonic fusion of certain T6SS related 24 genes with TA genes resulting in their conversion into T6SS effectors. Such a 25 genetic change has enabled bacteria to utilize novel toxins to precisely target co-26 habiting bacteria. 27 28 29
Introduction
The Tse effectors are potentially secreted through T6SS-2 of NGJ1 141 The VgrG and PAAR proteins play important roles in secretion of T6SS effectors 142 13, 14, 16, 23 . In NGJ1, we observed either VgrG or PAAR are encoded in the upstream 143 region of various effector operons, indicating that they might act as a carrier for their 144 T6SS mediated delivery ( Fig. 3a and Supplementary Fig. 2) . The VgrG and PAAR 145 are known to be encoded in some but not all T6SS apparatus encoding gene 146 clusters 23, 32, 33 .As shown in Fig 1a, the T6SS-2 gene cluster encodes a VgrG protein 147 but lacks PAAR protein, while the T6SS-1 cluster lacks both VgrG and PAAR. 148 Considering this, we hypothesized that effectors which have VgrG (VgrG effector ) 149 encoded in the same operon might be secreted through T6SS-1 while those which 150 8 are not co-encoded with VgrG would perforce have to be secreted through T6SS-2 151 (Fig. 3a) . 152 The Tse effector encoding operons of NGJ1 lacks VgrG but encode PAAR 153 (PAAR Tse ) as upstream ORF. Therefore they would employ the PAAR as a carrier for 154 their T6SS mediated delivery. This was confirmed by yeast two hybrid assays which 155 demonstrated interaction of the PAAR Tse with the cognate Tse proteins (Fig. 3b) . 156 Furthermore, the bacterial two hybrid assay revealed that the PAAR Tse has strong 157 binding affinity with the VgrG of T6SS-2 apparatus (VgrG T6SS-2 ) but not with the VgrG 158 of effector operons (VgrG 9tle / VgrG 12tpe ). This suggested that the Tse effectors are 159 secreted through T6SS-2 via interaction of PAAR Tse with VgrG T6SS-2 . In this regard, 160 we observed that the VgrG T6SS-2 has specific binding affinity with HCP-2, but not with 161 the HCP-1 (Fig. 3c ). On the other hand, VgrG 9tle and VgrG 12tpe demonstrated specific 162 binding affinity with HCP-1 but not with HCP-2, suggesting them to be secreted 163 through T6SS-1 ( Fig. 3c ).
164
Antitoxins associated with the Tse proteins of NGJ1 demonstrate 165 transcriptional repressor activity 166 Bioinformatics analysis revealed that the immunity proteins (Tsi) associated with the 167 Tse effectors contains an Imm52 domain ( Supplementary Fig. 4b ). Phylogenetic 168 analysis suggested them to function as bacterial LysR family transcriptional 169 regulators ( Supplementary Fig. 6 ). They also shared structural similarity with a CodY 170 family of pleotropic transcriptional repressor ( Supplementary Table 3 ). Considering 171 the above, we investigated the possible transcriptional repressor activity of 17tsi and 172 38tsi immunity proteins in a yeast trans-repression assay 34, 35 . When GAL4 was 173 transcriptionally fused with 17tsi/ 38tsi, it caused repression of reporter gene (lacZ, 174 HIS3 and ADE2) expression in yeast. The recombinant cells showed auxotrophy to 175 9 histidine as well as adenine ( Fig. 4a and b ). On the other hand, GAL4 176 transcriptionally fused with immunity protein (9tli) of lipase effector (which does not 177 have transcription repression activity) induced the expression of reporter genes (Fig. 178 4a and b). 179 We further analysed whether the immunity protein (17tsi/38tsi) can regulate its own 180 promoter. For this, the expression of β-glucuronidase reporter gene under the 181 promoter of Tse effector-immunity operon was analysed in presence or absence of 182 immunity protein (17tsi/38tsi) as well as effector-immunity pair (17tsei/38tsei). The 183 reporter assays revealed that presence of Tsi/Tsei proteins significantly reduce the 184 expression of β-glucuronidase ( Fig. 4c and d ).
185
The Tse proteins are either encoded as T6SS effector or part of TA system in Beta-proteobacteria (class Alcaligenaceae, Burkholderiaceae, Oxalobactereceae) 10 functions in the latter category of Tse and Tsi ortholog operons, suggested that they 200 may not be secreted through T6SS and that they may be part of a toxin-antitoxin 201 (TA) system. As indicated earlier, Tse proteins act as toxins and the Tsi proteins act 202 as anti-toxins.
203
The Tse proteins have potentially evolved as T6SS effectors from bacterial TA 204 system. 205 An examination of the genome of approximately 1800 strains of different 206 Burkholderia sp. that are available in the Burkholderia genome database 36 , revealed 207 intraspecific variation wherein some of them appear to have Tse orthologs as TA 208 system while others appear to be T6SS effector ( Supplementary Fig. 8 ). For 209 example, the B. pseudomallei strain D7 3230-3018 harbours a Tse ortholog as a TA 210 system while other B. pseudomallei strains encode the orthologs as a T6SS effector 211 (at the same genomic locus) ( Fig. 6a ). The presence of many IS3 family 212 transposases at the Tse locus suggested that they may have a role in generating this 213 diversity. This was more apparent in B. pseudomallei strain 3000015237 wherein two 214 IS3 elements carrying the T6SS related genes (PAAR, DUF4123 and Hypothetical 215 protein) were present immediately upstream of TA genes (Fig. 6b ). In another B. 216 pseudomallei strain (NAU24B-3 and 2002721100); one of the two IS3 elements was 217 absent. Moreover, in yet another B. pseudomallei strains (vgh16R and 2011756189), 218 both the IS3 elements had been excised, leading to fusion of TA and T6SS related 219 genes in a single operon ( Fig. 6b ). In B. stagnalis strains, the Tse orthologs are 220 present as either a TA system or as a T6SS effector at the same genomic locus 221 ( Supplementary Fig. 9 ). This suggests that although we don't yet have strains with 222 intermediate genomic features, similar events involving IS elements may have 223 possibly led to conversion of a TA system to a T6SS system in the B. stagnalis. 224 Overall, our data supports that the Tse orthologs have evolved as T6SS effectors 225 from ancestral TA system.
226

Discussion
227
The genus Burkholderia constitutes a large group of bacterial species, being present 228 as soil dwellers or living in association with plants, animals, fungi (endosymbiont) 229 and insects (as symbiont) [37] [38] [39] . Recently, we had demonstrated that the rice 230 associated Burkholderia gladioli strain NGJ1 utilizes a type III secretion system 231 (T3SS) to feed on fungi (phenomenon known as mycophagy) 40 . In this study, we 232 report that the NGJ1 bacterium not only has antifungal activity, but it also has anti-233 bacterial activity and that it utilizes two different type VI secretion systems (T6SS-1 234 and T6SS-2) to kill co-habiting bacteria.
235
The presence of a diverse arsenal of T6SS effectors highlights the potency of the 236 antibacterial repertoire of NGJ1. To protect itself and sister cells from intoxication, 237 the NGJ1 encodes an immunity protein that is specific for each of the effector 238 proteins. This is evidence from the observation that co-expression of the immunity 239 protein protects E. coli cells in which the cognate effector is ectopically expressed. A promoter. This suggests that the Tsi immunity protein neutralizes the cognate 249 effector not only through direct interaction, but also through repression of 250 transcription of the effector gene. It is interesting that the anti-toxin of certain toxin-251 antitoxin (TA) systems has been shown to have repressor activity 29,31 and we note 252 that the effector-immunity protein and the TA proteins are analogous to each other. leading to conversion of Tse orthologs of a TA system into T6SS effectors.
288
The toxins of the TA system predominantly function intracellularly and contribute 289 towards bacterial growth arrest/ persistence/ biofilm formation 30, 41, 42 . By converting 290 an intracellular toxin into an extracellular weapon that can be secreted through the 291 T6SS, certain Burkholderia strains have gained the ability to inhibit growth of co-292 habiting bacteria. In NGJ1 it is apparent that the T6SS helps the bacterium in 293 inhibiting the growth of a number of bacteria that co-habit the same niche. By 294 inhibiting the growth of these co-habiting bacteria, NGJ1 may be reducing 295 competition for resources including that may be released upon degradation of fungal 296 biomass.
14
Overall, our study indicates that the NGJ1 bacterium uses two different T6SSs to 298 inhibit growth of co-habiting bacteria. One category of potential T6SS effectors that 299 contain Tox-REase-5 domain are related to the type II TA system. Analysis of the 300 genomes of several Burkholderia strains suggests an ancestral TA system has been 301 converted into a T6SS effector by a series of genetic recombination events involving 302 IS3 elements. Thus as ancestral function involved in growth arrest/persistence 303 appears to have been converted into an offensive weapon to inhibit growth of 304 potential bacterial competitors. Supplementary Table 4 . Supplementary Table 6 ).
324
The antibacterial activity of NGJ1 and its different mutants was tested on solid 325 laboratory media. 100 µl of overnight grown target bacteria were spread plated onto 326 their respective growth medium ( Supplementary Table 5 ) and 10 µl of overnight 327 grown cultures of NGJ1 and its variants were spotted on the plate. The plates were 328 incubated at ambient temperature (as per the target bacterium) and zone of inhibition 347 Partial fragments (~300 bp) of one of the core T6SS apparatus genes of T6SS-1 348 (VipA) and T6SS-2 (ImpE) were PCR amplified from the genomic DNA of B. gladioli 349 strain NGJ1 using gene specific primers ( Supplementary Table 6 ) and cloned into Table 6 ). with HCP-1 (T6SS-1) and HCP-2 (T6SS-2) specific polyclonal peptide antibodies 367 (primary antibody raised in rabbit) at 1:25,000 dilutions. The alkaline phosphatase 368 conjugated anti-rabbit IgG (Sigma) was used as secondary antibody (1:10,000 369 dilutions) and the blot was developed as per manufacturer's instruction (Sigma).
Construction of T6SS mutants
370
Effector-immunity functionality assay 371 The full-length coding sequences of selected effector and immunity genes were PCR 372 amplified from NGJ1 genomic DNA using gene specific primers (Supplementary 373 Table 6 ). The effector encoding genes were cloned in pET23b (pET23b: effector) 374 and the cognate immunity encoding genes were cloned in pET28a (pET28a: Table 6 ).
379
In order to test the toxicity of T6SS effectors, the recombinant E. coli cells were Table 6 ). The PCR product was cloned into pET28a to obtain pET28a:17tsei/ 391 18 pET28a:38tsei constructs and they were transformed into BL21 cells to express 392 transcriptionally fused effector-immunity (17tsei/ 38tsei) proteins. Positive 393 transformants were selected by colony PCR. Upon 3h of IPTG induction, the survival 394 rate of the recombinant bacteria was analyzed as described above. Table 6 ). They were cloned in pGBKT7 vector (having both BD and 460 AD domain) in frame with GAL4 transcription factor and transformed into S. 461 cerevisiae (yeast) strain AH109 (harboring GAL4 regulated reporter genes lacZ; β-462 galactosidase, HIS3; imidazole glycerol phosphate dehydratase, and ADE2; 463 Phosphoribosyl aminoimidazole carboxylase) as described 35 using EZ-Yeast TM
464
Transformation Kit (MP Biomedicals). Positive colonies were selected through colony 465 PCR using gene specific primers (Table 6 ) and the activity of reporter genes was 466 tested by their differential growth on SD -Trp-His-Ade (Triple dropout) media with 20 mM 467 3AT (3-amino-1, 2, 4-triazole). Further LacZ (β-galactosidase enzyme) expression 468 was quantified spectrophotometrically (λ=450nm) using X-GAL as substrate.
469
Auto trans-repression assay 470 The promoter region (500bp) of Tse effector operons (17tse and 38tse) was PCR 471 amplified ( Supplementary Table 6 ) and cloned into pBI101.1 expression vector in a well as whole-cell lysates (P) of different strains were immunoblotted using HCP-1 662 (associated with T6SS-1) and HCP-2 (associated with T6SS-2) specific antibodies.
663
Both the HCP proteins were detected in the supernatant of NGJ1 culture, while only 664 HCP-2 was detected in ΔT6SS-1 and HCP-1 in ΔT6SS-2, culture supernatants.
665
Similar results were obtained in at least two independent experiments. and HCP-2 with VgrG T6SS-2 suggested the delivery of Tse effectors through T6SS-2.
698
Similar results were obtained in at least three independent experiments. 
